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Abstract 
 
 
        Hydrogen sulfide (H2S) is an environmentally hazardous, corrosive, and 
toxic gas, mostly generated in gas and oil industry. For small-scale natural gas 
processing sites (less than 10 tonne S/day), the use of regenerable iron oxide 
adsorbent to adsorb H2S from natural gas is still an economical and effective 
method.  
        The objective of this research project was to understand the performance of 
an iron oxide adsorbent, recently emerging in the Canadian market, in removing 
H2S from gas streams. To accomplish this, the breakthrough behaviors of H2S 
adsorption in a fixed-bed reactor under elevated pressures were studied. The 
effects of variations in superficial velocity from 0.09 m/s to 0.26 m/s, operating 
pressure from 4 to 50 atm absolute, and the height of the fixed-bed from 11.7 cm 
to 24.5 cm on breakthrough curves and sulfur loading were investigated. In all the 
experiments, the H2S concentration profiles of the exiting gas from the reactor 
were measured until the bed was saturated.  
It was found that the shape of the breakthrough curves depend on the 
superficial velocity and the inlet H2S concentration in gas streams. Under both 
higher superficial velocity and higher inlet H2S concentration, the shape of the 
breakthrough curve becomes steeper. The sulfur loading of the adsorbent depends 
on the superficial velocity, the inlet H2S concentration in gas streams, and the bed 
height. The sulfur loading decreases as the superficial velocity and the inlet H2S 
concentration increase, but increases as the bed height increases. The change of 
 iii
operating pressure does not have a significant effect on the shape of the 
breakthrough curve or sulfur loading of the adsorbent. The investigation was also 
extended using the regenerated adsorbents. A mathematical formula was 
developed to describe the breakthrough curves.  
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Chapter 1 
Introduction 
1.1 Overview 
Hydrogen sulfide (H2S) is present in natural gas and biomass gas. It is also 
formed in oil production and coal gasification. It is a significant health risk in 
addition to causing air pollution, acid rain, and corrosion.  
A significant portion of natural gas production contains an acid gas 
component such as H2S. Natural gas is considered “sour” if H2S is present in 
amounts greater than 5.7 milligrams per normal cubic meter. The H2S must be 
removed to meet the pipeline and sales specifications (less than 4 parts per 
million, or ppm, in volume) (Clean Air Act, 1989).  
A number of processes are available to remove H2S from gas streams. Prior 
to the early 1990s sulfur recovery and acid gas flaring were the most economic 
methods of dealing with the acid gas streams (Bachu and Gunter, 2005). Acid gas 
less than 10 tonnes sulfur per day is flared because this scale is too small to run 
sulfur recovery process economically. The Claus process-tail gas treating is 
suitable for gases with a H2S concentration of 20 % v/v on a large scale of more 
than 25 tonnes sulfur per day (Speight, 1990) (Wang et al., 2008). As a result of 
public concern, human and animal health, and environmental degradation, the use 
of flaring H2S-containing acid gas is restricted. On the other hand, due to a weak 
sulfur market sulfur recovery processes have recently become uneconomic (Wang 
et al., 2008). Therefore, the technologies of long-term storage of sulfur or 
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hydrogen sulfide are attracting research attention in Canada. Injecting the high–
pressure acid gas in depleted oil wells for long term storage is recently pursued by 
gas companies in order to eliminate flaring acid gas. This method poses risks to 
public safety due to the potential of toxic gas leakage. Long-term storage methods 
of elemental sulfur such as burying it in remote areas was investigated (Davis et 
al., 2004). However, neither injecting acid gas nor burying elemental sulfur from 
sulfur recovery is cost effective (Wang et al., 2008). 
For small-scale natural gas productions of less than 10 tonnes of sulfur per 
day, H2S adsorption by iron oxide medium is an effective and economical method 
of removing H2S from gas streams. Iron oxide adsorbent works by reacting H2S 
and turning ferric oxide into ferric sulfide. The ferric sulfide can be converted 
back into ferric oxide as well as elemental sulfur when exposed to oxygen or air.  
A ferric oxide based adsorbent, CG-4 provided by CLEAN Catalysis and 
Purification Technologies Development Company in Shanxi Province, China, is 
used in some small gas plants in Canada. Its one-time sulfur loading can be as 
high as 15 % w/w (1 kg of the adsorbent can take in 0.15 kg elemental sulfur 
before breakthrough of H2S) (Wang et al., 2008). Wang et al. also proposed a 
safer acid gas disposal method by adsorbing H2S from natural gas with CG-4 
adsorbent. The spent adsorbent slurry, which is produced by removing the 
adsorbent from the adsorbing towers by high-pressure water, can then be injected 
into depleted oil and gas wells. The regeneration of CG-4 adsorbent using 
ammonia leaching has been studied (Wang et al., 2008). The regeneration allows 
the adsorbent to be used for several adsorption-regeneration cycles before being 
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replaced. By increasing the lifetime of the adsorbent, the utilization efficiency of 
the adsorbent is improved. 
Using the CG-4 sorbent to remove H2S from natural gas is still new to the 
Canadian gas industry. Wang et al. (2008) investigated the sulfur loading of this 
adsorbent and regeneration by ammonia leaching. There is a lack of kinetics data 
of the chemical adsorption process in a fixed-bed reactor under the operating 
conditions of gas processing plants.  
The breakthrough behaviors in a fixed-bed reactor represent the global 
reaction kinetics including gas flow, mass transfer, and intrinsic kinetics. They 
can be obtained by measuring the concentration of H2S at the outlet end of the 
fixed-bed. The size of a fixed-bed is determined by different factors such as the 
utilization efficiency of the adsorbent, the time period of operation, the operating 
conditions, and the pressure drop in the bed. 
1.2 Objectives of this research 
The overall objective of this research is to understand the adsorption process 
of the CG-4 iron oxide adsorbent in a fixed-bed. This goal will be achieved by 
investigating the sulfur loading and H2S breakthrough curves of CG-4 iron oxide 
adsorbent under different operating conditions: pressures of 4-50 atm absolute, 
superficial velocities from 0.09 to 0.26 m/s, and H2S concentrations between 0.50 
and 6.01% v/v. A second objective of this project is to establish a simple 
mathematical model for this process.  
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1.3 Organizations of the thesis 
 This thesis is organized in five chapters. Chapter 1, Introduction, introduces 
the background, the latest developments in H2S removal processes, and the reason 
and objectives of this project. Chapter 2, Background and Literature Review, 
reviews characteristics and emissions of H2S, emission controlling technologies, 
and the theories and current research related to H2S adsorption technologies. 
Chapter 3, Experimental Methods, introduces the experimental setup and methods 
for analyzing the composition of a gas mixture in order to determine the 
breakthrough curves. Chapter 4, Results and Discussions, focuses on discussing 
the effects of changing the operating conditions on the breakthrough curves and 
the mathematical model proposed to represent the breakthrough curves. Finally, 
Chapter 5, Conclusions and Recommendations, summarizes conclusions drawn 
from the discussion and presents suggestions and directions for further 
development. 
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Chapter 2 
Background and Literature Review 
 
Sulfur removal from industrial gas streams is practiced in natural gas, 
refining, and coal gasification industries. The gas streams produced during 
petroleum refining contain H2S adversely affecting the use of gas for other 
purposes, for instance, as a fuel or as a petrochemical feedstock. Some degree of 
cleaning is required due to health concern associated with H2S or due to the 
potential of H2S to poison catalysts. Under the reducing environment of coal 
gasification, the sulfur in coal is released as H2S in the gas products, and a gas 
treating to remove the H2S is required. Sour natural gas containing H2S is 
subjected to processing to reduce H2S concentration to less than 4 ppm (Clean Air 
Act, 1989). Sulfur removal has formed an important section in these industries 
and there are a number of processes for removal of sulfur from gas streams. In 
deciding which process to use, several factors must be considered including the 
required extent of H2S removal; the gas composition, temperature, volume and 
pressure; and the impact of sulfur recovery on the process economics and/or the 
environment. The Claus process is a technology that is able to remove H2S from a 
gas stream and recover sulfur in elemental form. However, the Claus process is 
only economical for large scale production due to its large capital investment and 
complex procedures (Wang et al., 2008). For small scale gas productions of less 
than 10 tonnes of sulfur per day, H2S adsorption by an adsorbent is a good choice 
(Wang et al., 2008). In this chapter the properties of H2S are briefly covered, 
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followed by a review of H2S removal technologies and processes with a focus on 
a small scale gas processing, dry adsorption by adsorbents, and related gas-solid 
reaction theories and research.   
2.1   Hydrogen sulfide  
2.1.1 Properties 
Hydrogen sulfide is a colorless, highly flammable, and extremely toxic gas 
with a characteristic odor of rotten eggs. The odor threshold for humans is as low 
as 1 ppm. It is slightly soluble in water (0.4 % w/w at 20 °C) and the pH value of a 
H2S-saturated aqueous solution is 4.5. Five minutes of exposure to 1,000 ppm H2S 
in air can be fatal to humans (Patnaik, 1999). If exposed to H2S, symptoms can 
include headache, nausea, nervousness, cough, eye irritation, and insomnia. High 
doses can cause unconsciousness, respiratory paralysis, and death. For detailed 
information on hazardous properties see the MSDS of H2S provided by Praxair 
(Appendix G). H2S in solution is corrosive and therefore damages the equipment 
which it contacts. It is poisonous to many industrial catalysts as well. 
2.1.2 Analysis of H2S                                                                                                                                                                                        
H2S can be detected when the gas turns a paper soaked in a lead acetate 
solution black. Many infrared sensors are commercially available for in-situ 
measurements of H2S. It may be monitored semi quantitatively by a Draeger tube 
H2S detector (Xue, 2003). It is most often analyzed by GC analysis with either a 
TCD (thermal conductivity detector), a FPD (flame photometric detector), or a 
sulfur chemiluminescence detector.   
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2.1.3 Occurrence of H2S 
The typical concentration of H2S in natural gas is within 0-5 % v/v. The H2S 
concentration in the gases formed in oil production is between 6 % v/v and 8 % 
v/v. There is less than 1 % v/v sulfur impurity in biomass gas. Concentrated H2S 
gas streams can be generated in some industrial processes such as metallurgical 
processes (Speight, 1990). 
2.2 Technologies for removal of H2S from gaseous streams 
The focus in this study is on the gaseous streams in natural gas processing 
with a H2S content of less than 8 % v/v.  The available technologies for H2S 
scavenging from gas streams of this H2S concentration fall into two categories: 
Dry sorption processes and Liquid processes.  
2.2.1 Dry sorption processes 
The dry H2S removal techniques discussed involve the use of dry adsorbents 
in towers that allow gas to flow upwards or downwards through the media. Since 
all of the dry-sorption media will eventually become saturated with contaminant 
and become inactive, it is common to have two vessels operated in parallel so one 
vessel can remain in service while the other is offline for media change-over (so 
called “swing operation” or lead/lag configuration). 
Dry sorption processes can be categorized into two sub groups: physical 
sorption and chemical sorption. 
Chemical sorption processes are governed by the reaction of an adsorbent 
with H2S to form a compound.  
 
 
8 
Many metal oxides of metals such as Fe, Mo, Zn, Ca, Ba, Sr, Cu, W, and Co 
can be used as suitable adsorbents for the removal of H2S (Xue, 2003). The 
primary oxides of metals used for chemical sorption processes are iron oxide, zinc 
oxide and calcium oxide. 
As one of the oldest sulfur removal methods, the iron oxide process was 
implemented during the 19th Century (Crynes, 1977). Iron oxide adsorbents 
remove sulfur by forming insoluble iron sulfides and the spent adsorbents can be 
regenerated by oxidizing the iron sulfides with air. But eventually the media 
becomes clogged with elemental sulfur and must be replaced after several 
recycles. 
The reaction of sulfur removal using iron oxide adsorption (Crynes, 1977; 
Kouichi Miura et al., 1992) is:  
(l)OH(s)SFe
3
1
(s)OFe
3
1
(g)SH 232322 +→+  (2.1)            
         kJ22−=∆H    (at 25 °C and 1 atm) (2.2) 
This reaction is best carried out at room temperature, otherwise the iron oxide 
complex is dehydrated, greatly reducing the reaction rates or decomposing Fe2S3 
to FeS2 and Fe8S9 which are difficult to regenerate. 
The regeneration reaction of spent adsorbents is: 
(s)S(s)OFe
3
1
(g)O
2
1
(s)SFe
3
1
32232 +→+  (2.3) 
         kJ198−=∆H   (at 25° C and 1 atm)  (2.4)  
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Because of the highly exothermic nature of the regeneration reaction (2.3), the 
spent adsorbents may be pyrophoric when exposed to air and thus the attention 
should be focused on the safety during change-out.  
 The active iron oxide products are sold under several trademarks utilizing 
different support media, such as Iron Sponge, SulfaTreat, Sulfur-Rite, Media-G2, 
and CG-4. Their detailed information is listed in the Table 2.1. 
Zinc and calcium oxides have been studied and are also widely used to 
remove H2S through the following reactions: 
2 2ZnO H S ZnS H O+ → +  (2.5) 
2 2CaO H S CaS H O+ → +  (2.6) 
Calcium oxide is the better choice for H2S adsorption at elevated 
temperatures (250-500 °C) and ZnO appears to be good at temperatures lower 
than 100 °C (Xue, 2003). 
In addition, alkaline substances can be used to react with acid gases, like 
H2S and SO2, in neutralization reactions. Usually liquid processes are used, but 
fixed-beds of alkaline granular solid can also be used with an upward or 
downward gas flow (Kohl, 1997).  
A different approach to H2S removal is to rely on the physical adsorption of 
H2S onto a solid surface rather than chemical reaction. Media developed with high 
surface areas and large pore volumes eventually become saturated at low 
temperatures and high pressures, and must be regenerated at high temperature and 
low pressures. During regeneration, a H2S rich gas is released and must be 
subjected to another process for sulfur recovery.  
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                   Table 2.1 Comparison of iron oxide –based H2S removal processes 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Source: 1. www.bioway.net, Dec. 26, 2007. 2. for CG-4 from manufacturer  
 
Packing operating conditions Regenerable 
Media Cost 
($/kg H2S 
removed) 
Notes Suppliers 
Iron Sponge 
20-23 ºC 
60 sec residence time 
2-3 times in batch 
mode only 
0.35-1.55 Labor intensive 
Connelly GPM, 
Physichem, Varec 
Vapor control 
Sulfa Treat 
20~ 23 ºC 
60 sec residence time 
No 4.85-5.00 
Non-pyrophoric 
and easier handling 
Sulfatreat 
Sulfur Rite 
20~ 23 ºC 
60 sec residence time 
No 7.95-8.50 
Prepackaged 
modules; forms iron 
pyrite 
US Filter/ Merichem 
Media-G2 
20~ 23 ºC 
60 sec residence time 
15 times in batch 
mode only 
2.90-3.00 
Requires multiple 
regenerations to 
obtain estimated 
removal efficiency 
ADI International 
CG-4 
20~ 23 ºC 
60 sec residence time 
2-3 times in batch 
mode only 
3.50-4.00 
High sulfur loading 
and easier handling 
CLEAN Catalysis and 
Purification 
Technologies 
Development 
Company 
 
   1
0
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Molecular sieves (zeolites) are naturally occurring or synthetic silicates with 
very uniform pore sizes and high pore volumes making them ideal for adsorption. 
Polar compounds, such as water, H2S, SO2, and NH3, are very strongly adsorbed. 
Granular activated carbon (GAC) is made by heating carbon–containing materials 
to drive off volatile components, forming a highly porous adsorptive surface. This 
method is preferable for removal of VOC (volatile organic compounds) from gas 
streams. If GAC is used to remove H2S, coating it with alkaline or oxide solids 
enhances the sulfur capacity of the carbon due to chemical reaction. 
2.2.2 Liquid H2S processes 
Liquid-based H2S removal processes can reduce ground-space requirements, 
labor costs and increase the potential for elemental sulfur recovery. Gas-liquid 
contactors are used to increase contact surface area and maximize gas contact time 
(Wang, 2004). 
2.2.2.1 Scrubbing and stripping process 
Hydrogen sulfide is an acid when dissolved in water: 
         H2S (g)→H2S (aq)   H+ + HS-               (2.7) 
If chemicals are added to the solution that can consume either H+ or HS- then 
more hydrogen sulfide can dissolve in the solution. The obvious choice is some 
alkali, a source of OH-. Removing the H+ on the right side of Eq. (2.7) drives the 
equilibrium to the right hand side, greatly increasing the amount of hydrogen 
sulfide absorbed.  
 12 
In order to regenerate the solvent, the alkali should be a weak base that can 
easily release the acid gas on heating or pressure reduction. The most common 
choices of alkali for hydrogen sulfide removal are ethanol amines 
(monoethanolamine, diethanolamine, triethanolamine) and sodium or potassium 
salts of weak acids such as carbonic acid or phosphoric acid. Monoethanolamine 
reacts with H2S to form an amine sulfide and hydrosulfide (Wang, 2004):      
       2 2 2 2 2 2 3 22HOCH CH NH H S (HOCH CH NH ) S+   (2.8) 
      2 2 3 2 2 2 2 3(HOCH CH NH ) S H S 2HOCH CH NH HS+   (2.9) 
2.2.2.2 Biological method to remove hydrogen sulfide from a gas 
stream  
Biological oxidation has been used for odor control in gas streams 
containing hydrogen sulfide. As an example, hydrogen sulfide is converted to 
sulfuric acid by the following reaction in aerobic conditions:                        
          H2S + 2O2                          H2SO4  (2.10) 
The gas stream is first humidified and warmed as needed. Then it passes 
through a packed-bed biofilter where the H2S is absorbed into a liquid film and 
oxidized by sulfating bacteria. Collected water is removed to a sanitary drain. The 
efficiency of hydrogen sulfide removal can reach 99% or greater with inlet 
concentrations of up to 1000 ppm (Sublette, 1987). 
As another example, under anaerobic conditions the following reaction takes 
place in the presence of light and photoautotrophic bacteria (Sardesai, 2006):                          
        
2 2 2
light
2H S+CO 2S+(CHO)+H O
bacteria
→                      (2.11) 
 bacteria 
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During this process, carbon dioxide is fixed in the form of cell biomass and 
H2S is oxidized to elemental sulfur in the presence of light. Photoautotrophic 
bacteria provide nearly 100% sulfide removal. 
2.3   Modeling of non-catalytic gas-solid reactions 
From a chemical principle point of view, the removal of H2S by iron oxide 
adsorption is a typical non-catalytic, gas-solid reaction which takes place in a 
fixed-bed reactor. Therefore the following literature survey focuses on the 
following: (1) non-catalytic gas-solid reaction models; (2) H2S removal by 
adsorption; and (3) breakthrough curve behavior.  
2.3.1 Non-catalytic gas-solid reaction models 
Non-catalytic gas-solid reactions represent an important category of 
heterogeneous reactions. A great number of models have been developed to 
describe the kinetics of gas-solid reactions. Some of them, such as the “unreacted 
shrinking core model” (Levenspiel, 1972), do not require specific knowledge of 
the internal structure of the reacting solid. Other models, such as the “grain 
model” (Szekely et al., 1976), require the knowledge of physical parameters 
characterizing the internal structure of the solid i.e., the specific surface area or 
the average pore size. Some even include such considerations as pore-size 
distribution, change of porosity during the reaction, and pore plugging in the 
course of the reaction (Bhatia and Perlmutter, 1981; Froment and Bischoff, 1991). 
The models demand more extensive and precise information about the structure of 
the reacting solid. 
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2.3.1.1 Unreacted shrinking core reaction model  
The unreacted shrinking core reaction model (Levenspiel, 1972) was 
developed for the situation when the diffusivity in the core of the pellet is so much 
lower than that in the reacted layer that virtually no gaseous reactant can reach the 
unreacted core, and a distinctive front of reaction exists as shown in Figure 2.1. 
The model gives the time necessary to reach a given conversion of the solid: 
         2/3 1/3,[1 3(1 ) 2(1 )] [ ] [1 (1 ) ]DP MT R SCt X X X Xτ τ τ= − − + − + + − −   (2.12)         
in which DPτ ,  MTτ ,  ,R SCτ  and X are defined as follows:      
         
2
6( )
s
DP
eq e
R
C C D
ρ
τ
  
=    
−   
                                                          (2.13) 
         
3( )
s
MT
eq g
R
C C K
ρ
τ
  
=     
−  
                                               (2.14) 
         ,
s
R SC
eq s
R
C C K
ρ
τ
  
=    
−   
                                                 (2.15) 
         31 ( / )CX R R= −                                                         (2.16) 
where DPτ  is the characteristic time for diffusion through the pellet’s product layer, 
MTτ  the characteristic time for external mass transfer from the bulk gas to the 
surface of the pellet (film diffusion), and ,R SCτ  the characteristic time for chemical 
reaction at the interface between the unreacted core of the pellet and the reacted 
product layer, and X is the conversion of the pellet. 
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          Figure 2.1 Schematic diagram for unreacted shrinking core model
   Unreacted core 
Completely reacted layer 
   2R 
2Rc 
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2.3.1.2 Grain model  
The grain model assumes that the solid structure consists of a matrix of very 
small grains, usually spherical in shape. The first grain model was established by 
Szekely and Evans (1976) who applied the grain model theory by assuming that 
the shrinking grains of solid reactant are surrounded by a dense layer of solid 
product with uniform thickness. Most early grain models assume that the overall 
grain size remains constant during the course of the reaction.    
If the diffusivity of the gaseous reactants (or products) in the core of the 
reacting pellet is not significantly lower than that in the completely (or partially) 
reacted layer, then the gases have the potential to reach the center of the pellet 
even if only a thin outside layer of the pellet is reacted. This is shown in Figure 
2.2. The dark parts of the grains represent the product layer.  The relationship 
between reaction time and conversion is:  
         2/3 1/3( )[1 3(1 ) 2(1 )] [ ] [1 (1 ) ]DP DG MT Rt X X X Xτ τ τ τ= + − − + − + + − −  (2.17) 
with: 
         
2
( )
6(1 )( )
gs
DG
V eq g
r
C C D
ρ
τ
ε
 
=   
− − 
 (2.18) 
         ( )
(1 )( )
gs
R
V eq S
r
C C K
ρ
τ
ε
 
=   
− − 
 (2.19) 
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Figure 2.2 Schematic diagram for a grain model (dark parts of the grains 
represent the product layer) 
Pellet 
R 
Grain 
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where DGτ is the characteristic time for diffusion through the grain and Rτ is the 
characteristic time for chemical reaction at the interface between the unreacted 
core and the reacted layer of the grain. DPτ  and MTτ  are defined the same as in the 
unreacted shrinking-core model using Eqs (2.13) and (2.14) respectively. 
The local conversion at each time and position inside the particle is 
calculated with the following equations (for the grains, the kinetics are according 
to the shrinking core reaction model):                           
            
3( , ) 1 ( / )gX R t r r= −             (2.20) 
 03(1 ) / ( )gr S MWε ρ= −  (2.21) 
where 0S   is the specific surface area (m
2/g) of solid; ρ  is  density (mol/m3) of 
solid; and MW is the molecular weight (g/mol) of solid.  
The mean conversion at each time in the whole particle is calculated by 
integrating the following equation: 
[ ]2 3
0
4
( ) 4 ( , ) / ( )
3
R
X t R X R t dR Rpi pi= ∫  (2.22) 
This grain model is based on the hypothesis of non-overlapping grains. The 
notion of overlapping was further pursued by Sotirchos and Yu (1988), who 
derived analytical expressions for the structural properties of porous media whose 
solid phase is represented by a population of randomly overlapping grains of 
uniform or distributed size. Recently, Efthimiadis and Sotirchos (1993) used an 
overlapping distribution grain model showing the importance of grain size in solid 
behavior. 
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2.3.1.3 Random pore model (RPM)  
The original random pore model developed by Petersen (1957) treated the 
pore distribution as an idealized network of randomly intersecting cylindrical 
pores. A more refined random pore model for a distributed pore size system was 
presented by Bhatia and Perlmutter (1981a, b). Their model considers the reaction 
surface to be the result of the random overlapping of a set of cylindrical surfaces 
of size distribution f(r). The total length of the system, LE0, and the surface area, 
SE0, are related to the structural parameter Ψ by means of the expression: 
        0 0
2
0
4 (1 )E
E
L
S
pi εψ −= . (2.23) 
0EL and 0ES  can be measured by N2 adsorption (BET) and the voidage, 0ε  can be 
measured by the mercury porosimetry. 
A mass balance in a pore must be conducted to relate the concentration in 
the pores with that of the interface, assuming a linear gradient in the product layer. 
With this balance and the preceding equations Bhatia and Perlmutter (1980) 
determined an expression for calculating the local reaction rate: 
0
0
(1 ) 1 ln(1 )
(1 ) 1 1 ln(1 )
S
molar
CS k X XdX
dt Z
X
ψ
β
ε ρ ψ
ψ
− − −
=
 
− + − − 
 
               (2.24) 
         0 02 (1 ) /k DSβ ε= − .                                                    (2.25) 
Because this model does not consider progressive pore plugging, the 
structural parameter, Ψ, has a constant value.   
The H2S reaction with the iron oxide adsorbent is a specific case of a gas-
solid reaction in which structural changes take place inside the adsorbent as the 
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reaction proceeds. Thus, the structural parameters in the above models change 
during the reaction period and can be calculated as follows: 
The effective diffusivity is calculated as a function of the particle porosity 
and the tortuosity factor of the particle (Adanez et al., 1998) using Eq. (2.26). 
         /e g pD D ε τ= . (2.26) 
The effective diffusivity depends on the type of gas diffusion occurring in 
the pores: molecular, Knudsen, or a combination of both. Knudsen diffusion is 
generally restricted to pores smaller than 100 nm in diameter, and molecular 
diffusion is found in pores larger than 1000 nm in diameter (Welty, 2001). 
Because of the variation in the size of the pores during the reaction, the gas 
diffusivity was calculated as a combination of molecular and Knudsen diffusion:  
1 1 1[ ]g kD D D
− − −
= + . (2.27) 
The tortuosity was calculated using the equation of Wakao and Smith (1962) 
and later modified by Elias- Kohav et al. (1991) by introducing a parameter, b, to 
define different porous structures of the solids: 
1/ ( )bpτ ε= . (2.28) 
For these materials, if an average pore diameter is assumed, a reasonable 
approximation for the effective diffusion coefficient in random pores (that is b=1) 
is (Ilaria Rosso, 2003) 
         2( )e g pD D ε= . (2.29) 
The changes in porosity inside the particle with conversion are calculated 
using the Hartman and Coughlin (1976) expression as a function of the initial 
porosity, ε0, and the expansion ratio, Z: 
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          2 3
2 3
Fe O
Fe S
Z
ρ
ρ
=  (2.30) 
          0 0( 1)(1 )p Z Xε ε ε= − − − .                                       (2.31) 
then the density of the adsorbent solids are calculated by the following expression: 
           / (1 )molar pXρ ρ ε= − .                                        (2.32) 
2.3.2 Solution of these models 
Most of the models require computational solutions as analytical solutions 
can not be found for most of the rate forms used to describe these systems 
(Ramachandran, 1983). An extensive review of the computational aspects of these 
models can be found in the literature (Xu and Hoffmann, 1989; Patisson et al., 
1998). 
Gottifredi and Gonzo (1996, 2005) developed one of the most generalized 
solutions found for the isothermal, catalytic, steady-state case. Their solution 
allows for the determination of simple analytical predictions of the effectiveness 
factor and gas concentration for any general kinetics. The Quantized Method 
(QM) was presented and used. Using this new strategy for solving coupled partial 
differential equations (CPDE) permits a great reduction in the mathematical 
difficulties normally present in gas–solid reaction problems. The authors 
illustrated the QM’s potential by applying it to several gas–solid reaction models, 
including the grain model (Jamshidi and Ale-Ebrahim, 1996a), half-order model 
(Jamshidi and Ale-Ebrahim, 1996b), nucleation model (Jamshidi and Ale-
Ebrahim, 1997), and the modified grain model (Jamshidi and Ale-Ebrahim, 1999). 
They included a term to account for the variation of the activation energy with the 
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progress of reactions, but they assumed a first-order reaction for the gas reactant. 
Gomez-barea’s method (Gómez and Ollero, 2006) can readily overcome this 
limitation as decided below. 
Gómez and Ollero (2006) established a general isothermal model for the 
reaction: 
A(gas) + bB(solid) → cC(gas) + dD(solid) 
The model can be written as follows: 
1
( )mA Ae Am
C C
r D r
t r r r
ε
∂ ∂∂  
= − − ∂ ∂ ∂ 
 (2.33) 
( ) ( )B B A
C
r b r
t
∂
= − − = − −
∂
 (2.34) 
where rA is the disappearance rate (mol/m
3/s) of gas A,  rB is the disappearance 
rate (mol/m3/s) of solid B, De is the effective diffusivity of gas (m
2/s), m is the 
geometric coefficient (m=0: slab, m=1: cylinder and m=2: sphere).  
The boundary and initial conditions of the problem are: 
          at     r=L, CA=CA,in       r=0 ,   0
AC
r
∂
=
∂
  (2.35)  
          at     t=0,  CA=0   CB=CB0 (2.36) 
The use of m in Eq. (2.33) allows for the treatment of different geometries. 
This formulation is applicable to the situations where external mass transfer can 
be neglected, such as cases with a large Biot number (The Biot number, 
Bi= /g eK L D , is the ratio of internal mass transfer resistance to external mass 
transfer resistance). When the accumulation term, ( / )AC tε ∂ ∂ , in Eq. (2.33) is 
negligible compared to diffusion and reaction terms, the model is called pseudo-
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steady state. The following intrinsic kinetics at any location within the particle is 
assumed: 
( ) ( ) ( )Ar r C F X− =   (mol/m
3-s). (2.37) 
The reaction rate has been split into two factors. The first factor, r(CA), takes 
into account the effect of gas concentration on reaction rate, while the second, 
F(X), embodies the effect of the change of available reacting surface. In principle, 
Eq. (2.37) can accommodate any kinetic model. 
In addition, the void fraction or local porosity may change during reaction 
due to the consumption of solid reactant or the difference between the volume of 
the solid reactant (B) and product (D). Whatever the case may be, the variation of 
local porosity (or local conversion) can be modeled by including a given 
correlation of the effective diffusivity which can be determined experimentally. 
An accepted way to do this is to assume the following expression:                  
         De= De0g(X). (2.38) 
The following empirical equation for g(X) was assumed: 
         0
0 0
(1 )
( ) 1g X X
β β
εε
ε ε
   
−
= = +   
   
 (2.39) 
where          g(X) is a function of local porosity, and  
                   De0 is the original (initial) effective diffusivity. 
By incorporating Eqs. (2.37) and (2.39) into system (2.33)–(2.36), the following 
dimensionless set of equations is obtained: 
        2
1
( ) ( ) ( )m sm
C
z g X F X R C
z z z
ϕ∂∂   = ∂ ∂ 
  (2.40) 
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         ( ) ( )
X
F X R C
τ
∂
=
∂
. (2.41) 
Boundary conditions are given by 
1 1zC = = ,         (2.42) 
0
0
z
C
z
=
∂ 
= ∂ 
, and (2.43) 
 0 1X τ = =   (2.44)  
where the following dimensionless variables have been used: 
/z r L= ,        (2.45) 
/ reftτ τ=                                           (2.46)           
,/A A inC C C=       (2.47) 
01 /B BX C C= −  (2.48) 
0 ,/ [ ( )]ref B A inC br Cτ =   (2.49) 
,( ) ( ) / ( )A A inR C r C r C= . (2.50) 
Finally, the parameter:  
,2 2
0 ,
( )A in
s
e A in
r C
L
D C
ϕ =   (2.51)     
which emerges from Eq. (2.40) is the classical Thiele modulus evaluated at 
surface conditions. 
Once the conversion profile is obtained, the overall particle conversion Xp 
can be computed by integrating throughout the particle. In dimensionless form, 
this expression is given by: 
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1
0
( ) ( 1) mpX m Xz dzτ = + ∫  (2.52) 
2.3.3 Approximate solution to Gomez-Ollero’s generalized model 
Gomez and Ollero’s (2006) approximate method is based on the two 
following steps: 
• Step 1: Decoupling of solid and gas conservation equations at a given time. 
• Step 2: Using an approximate analytical expression for calculating the gas 
reactant concentration within an isothermal solid particle at that time. The particle 
is considered a catalyst with a determined activity distribution. The activity 
prevailing at a given point of the particle is determined by the local level of 
conversion at the time considered. 
Step 1 is achieved by the application of the QM (Quantized Method). Eq.  
(2.40) becomes: 
2 21 ( ( ) / ( )) ( ) ( ) ( )m sm
Cd
z F X g X R C M X R C
z dz z
ϕ∂  = = ∂ 
 (2.53)        
2 2( ) / ( ) ( )s F X g X M Xϕ =  (2.54) 
Boundary conditions are: 
1 1zC = = ,         (2.55) 
0
0
z
C
z
=
∂ 
= ∂ 
. (2.56) 
With this method, the concentration profile is given by: 
[ ]
2
* * (1 )( ) (1 )exp
2 1 ( ) / (1 2 / )
z
C z C C
zh z
λ
λ
 
− 
= + − − 
− − +  
. (2.57) 
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Integrating Eq. (2.41) gives: 
0
( ) ( )
( )
x
dX
X R C
F X
θ τ= = ∫ . (2.58) 
Rearranging Eq. (2.58) the conversion profile within the particle can be obtained 
as: 
1( ) { [ ( )]}X z R C zθ τ−=  (2.59) 
λ and h(z) in Eq. (2.57) are calculated:  
1
0
( )IR R C dC= ∫ ,             (2.60) 
*
2 ( 1)
M
M
IR m
=
+
,      (2.61) 
( 1)
1 4 '
( 3)
m
a IR R
m
+
= − ⋅
+
 , (2.62) 
1/2
2 2* exp( * )M aMη − = + −  , (2.63)    
2
( 1)(1 *)
M
m C
ηλ =
+ −
,     (2.64) 
1 exp( )
( )
1 exp( )
z
h z
λ
λ
− −
=
− −
,  (2.65)  
where C* is the root of the function R(C) and is zero for most of the kinetic 
expressions. At a given time the solution of Eqs. (2.57) and (2.59) provides the 
values of C and X for a given particle position, z. By repeating this procedure for 
all points of the particle, the profiles of concentration and conversion, C(z) and 
X(z) are obtained. Once these profiles are available for a given instant, the overall 
particle conversion is readily computed by means of Eq. (2.52). 
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The solution of Eqs (2.57)-(2.59) has been performed by dividing the 
coordinate, z, into N +1 points [zi = (i−1)∆z, i = 1: N + 1, ∆z = 1/(N − 1)]. The 
solution (Ci, Xi) is found by solving (N + 1) systems of two non-linear equations. 
This has been done by applying the Newton–Raphson method. That means 
solving:       
[ ]
2
* * (1 )( ) (1 )exp
2 1 ( ) / (1 2 / )
z
C z C C
zh z
λ
λ
 
− 
= + − − 
− − +  
 (2.57) 
1( ) { [ ( )]}X z R C zθ τ−=  (2.59) 
for C and X, then making use of  Eq. (2.45) giving Xp. 
The requirements for solving the problem are:           
(1) the specification of the reaction rate, that is R(C) and F(X) 
(2) the specification of De0 and g(X)  
For the previously mentioned three models, F(X) and θ(X) are: 
   Unreacted shrinking core model    F(X) =1-X              θ(X) =-ln(1-X) (2.66) 
   Grain model                           F(X) = (1-X)2/3          θ(X) =3[1-(1-X)1/3] (2.67) 
   RPM            F(X) = (1-X)[1-Ψ0ln(1-X)]
1/2    
θ(X) =(2/ Ψ0)[1-Ψ0ln(1-X)]
1/2 (2.68) 
2.4 Determination of the sulfur loading and the breakthrough curve  
A breakthrough curve gives an indication of the way in which an adsorbate 
(H2S) is distributed within a fixed bed when a gaseous stream containing a fixed 
percentage of the adsorbate passes through a fixed-bed until the adsorbate 
emerges in the exit stream. Figure 2.3 (a) shows a typical breakthrough curve. 
Figure 2.3 (b) shows the concentration of adsorbate in the gas phase at any given 
point (location) in the bed as a function of time because it results from the  
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     Figure 2.3      Profile of gas phase H2S concentration in the adsorbent bed:  
   (a) breakthrough curve from the breakthrough point, tb, to the complete 
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            (b) development and progression of a transition zone along the bed: 
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movement of the concentration front in the bed. On first introducing the gas 
stream to the bed, the sorbent quickly becomes saturated at the inlet of the bed and 
the adsorbate concentration falls off rapidly along the bed to form a concentration 
profile along the bed which is called the transition zone. As the run proceeds, if 
this concentration profile in the transition zone remains the same, the constant 
pattern is fully developed and moves in the direction of the gas stream due to the 
progressive saturation of the adsorption sites at the entrance of the bed.  In Figure 
2.3 (b) t1 shows the initial formation of the concentration profile, t2 shows one at 
some intermediate time, and tb shows another just before breakthrough, the point  
at which the adsorbate H2S is first detected in the exit stream. After breakthrough 
the adsorbate concentration in the effluent stream rises steeply up to the value of 
the inlet concentration during the time interval between tb and tc as shown in 
Figure 2.3 (a). 
The shape of the breakthrough curve represents the global adsorption 
kinetics, and is determined from mass and energy balances on the bed together 
with the intrinsic adsorption reaction. In most sorption processes, heat transfer 
effects within the pellet can be neglected. This is because most adsorptive gases                    
are present in an inert carrier gas and their concentrations are small. Also when 
adsorbates penetrate the porous structure during adsorption and desorption, the 
local temperature change is negligible. It would be necessary to consider heat 
transfer effects if the reaction was highly exothermic.  
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The mass of sulfur adsorbed per mass of adsorbent is called the sulfur 
loading. The sulfur loading for an adsorbent at breakthrough point was calculated 
as follows: 
2H S , SSulfur loading
b A in
fb
V t C MW
W
× × ×
=   (2.69)  
where    
2H S
V  is volumetric rate of feed stream, m3/s 
tb  is breakthrough time, s 
CA,in is H2S concentration, mol/m
3 
MWS is molecular weight of elemental sulfur 
Wfb is adsorbent loading in the reactor, g. 
2.5 Parameters of the breakthrough curve 
2.5.1   The stoichiometric time (tS) 
The stoichiometric time is an important parameter for a fixed bed. It is 
defined as the time needed to reach the total or stoichiometric capacity of the 
fixed bed. For an iron oxide based fixed bed the stoichiometric time can be 
calculated from the following expression:                               
0 0
,
3 (1 )fb B
S
g A in
L C
t
u C
ε−
=  (2.70)                                        
The stoichiometric time depends on the height of the fixed bed (L0), the gas 
superficial velocity ( gu ) which is the ratio of volumetric rate of feed storm ( 2H SV ) 
to cross sectional area of the fixed-bed, H2S concentration in the gas streams 
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( ,A inC ), 2 3Fe O  concentration in the adsorbent ( 0BC ) and the fixed-bed porosity 
( fbε ). The factor of 3 in Eq. (2.70) is due to the 1:3 Fe2O3:H2S stoichiometric 
ratio in the adsorption reaction, Eq. (2.1). 
2.5.2 Mass transfer zone or transition zone (Lt) 
The breakthrough curves generally do not appear as step functions. The H2S 
concentration from the outlet end of the bed increases from zero to the value of 
the inlet concentration during a time interval. The H2S adsorption reaction inside 
the fixed–bed takes place in the transition zone. If the transition zones maintain a 
constant pattern, the length of the transition zone, tL , is calculated with the 
following equation:                                                       
0 ( )c b
t
S
L t t
L
t
−
=   (2.71) 
where tb is the breakthrough time and tc is the time at which the bed is completely 
saturated with adsorbate and the outlet adsorbate concentration equals the inlet 
concentration. 
The length of unused bed (LUB) at the breakthrough point can be calculated 
by the fraction of the unused adsorbent in the transition zone: 
0(1 / )b SLUB t t L= −   (2.72) 
For a narrow transition zone, the breakthrough curve is very steep and most of the 
bed capacity is used at the breakthrough point, which means bt is close to St . 
If a constant concentration profile in the transition zone is reached as soon as 
the particles at the very front of the fixed-bed are completely converted, then the 
 32 
transition zone is fully developed and moves in the direction of the gas stream at a 
constant velocity tu , the displacement velocity.  
The quantity tu  is given by an overall sulfur mass balance over the reactor 
bed: 
       2
Rate of flow
of H S to the
fixed bed
 
 
 
 
− 
     2
Rate of flow
of H S out of
the fixed bed
 
 
 
 
− 
        
Rate of consumption
of adsorbent in the
fixed bed
 
 
 
 
− 
 
        2 2, 0
1 1
0 3 (1 )
4 4
g A in t fb BD u C D u Cpi pi ε− = ⋅ ⋅ −  (2.73) 
,
03(1 )
g A in
t
fb B
u C
u
Cε
=
−
 (2.74)                                                          
It is evident that St  and tu  have the following relation from Eqs. (2.70) and 
(2.74): 
0 /S tt L u= .  (2.75) 
2.5.3 Residence time (tr) 
Residence time is the retention time of the reacting gas in the reactor. When 
the plug flow assumption is acceptable the residence time of the reacting gas (at 
standard state 0 ºC and 1 atm) in an empty reactor is: 
 gr
uLt /0=      (2.76) 
Plug flow is a simplified and idealized situation where all the fluid elements move 
with a uniform velocity. Otherwise, the above expression is the mean residence 
time for the gas in the fixed-bed reactor. 
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2.5.4 Mass flux of H2S 
Mass flux of H2S is calculated as follows: 
22 , H S
Mass flux of H S g A inu C MW= × ×  (2.77)   
The mass flux of H2S in the feed stream has a unit of mass of H2S per unit time 
per unit cross sectional area of the bed and depends on the superficial velocity (ug) 
at the inlet of the bed and H2S concentration (CA,in) in the feed stream, and 
represents the strength of H2S in the feed gas stream.  
2.6   Conversion profiles from breakthrough curves 
A sulfur mass balance on a differential cross-section of the bed shown in 
Figure 2.4 yields: 
2 2 21 1 1
4 4 4
A
fb g A AZ Z dZ
C
D dZ D u C D C
t
pi ε pi pi
+
∂
= −
∂
  
                                          ( )2 013 1
4
fb B
X
D dZ C
t
pi ε
∂
− ⋅ −
∂
 (2.78)                  
        ( ) ( ) 0/ 3 1Afb g A g A fb BZ Z dZC Xu C u C dZ Ct tε ε+
∂ ∂
= − − −
∂ ∂
 (2.79)                  
( ) 03 1A Afb g fb BC C Xu C
t Z t
ε ε
∂ ∂ ∂
= − − −
∂ ∂ ∂
 (2.80)  
The following variable transformation can be performed using the method 
proposed by Fenouil and Lynn (1996) 
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                    Figure 2.4   A differential cross-section of the bed 
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        / tt Z uτ = − ,          (2.81) 
( ) tZ t uτ= − ,  (2.82) 
resulting in 
A AC dC
dτ τ
∂
=
∂
, (2.83) 
X dX
t dτ
∂
=
∂
, and (2.84) 
1A A
t
C dC
Z u dτ
∂
=−
∂
. (2.85) 
By incorporating Eqs. (2.83-2.85) into Eq. (2.80) the following equation is 
obtained: 
( ) 01 3 (1 ) 0g Afb B fb
fb t
u dC dX
C
u d d
ε ε
ε τ τ
− + − =  (2.86) 
where the boundary conditions are  
.A A inC C=  and 1X =   at τ = 0. (2.87)  
for the moment of complete conversion of the adsorbent at outlet end. 
Integration of Eq. (2.86) gives: 
( ) , 01 ( ) 3 (1 ) ( 1) 0gfb A A in B fb
fb t
u
C C C X
u
ε ε
ε
− − + − − =  (2.88) 
Substituting Eq. (2.74) into Eq. (2.88) gives (Fenouil and Lynn, 1996): 
  ,
1
t fb
g
A A in
t fb
g
u
X
u
C C
u
u
ε
ε
−
=
−
 (2.89) 
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which shows the relationship between CA and X at any point of the breakthrough 
curve. Rearranging Eq. (2.89) gives: 
 
, 1
t fb
gA
t fbA in
g
u
X
uC
uC
u
ε
ε
−
=
−
 (2.90) 
which shows that the data, ,/A A inC C ,  at the outlet end of fixed bed with time can 
be related to X with time t.    
In this chapter, some background information and technologies for sulfur 
removal from gas streams were introduced. The models for gas-solid adsorption 
reactions and their solutions were reviewed. The measurement and analysis of 
breakthrough curve were covered. The following two chapters are based on this 
chapter.    
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Chapter 3                  
Experimental Methods 
 
This chapter describes the experimental material suppliers, set-up, 
procedure, and analysis of the effluent gas from the fixed-bed. The experimental 
parameters were chosen in terms of the operating conditions of natural gas 
processing plants, including pressures of 4-50 atm absolute (all pressures in this 
work are absolute pressures), superficial velocities of 0.09-0.26 m/s, and H2S 
concentrations of 0.50-6.01% v/v.  
3.1 Material suppliers  
CG-4 was supplied by CLEAN Catalysis and Purification Technologies 
Development Company in Shanxi Province, China. The gas mixture, 6.01% v/v 
H2S and balance N2, was provided by Praxair. A cylinder of nitrogen (Praxair) 
was used to dilute the gas mixture to the desired concentration of H2S. The 
ammonia cylinder was anhydrous liquid ammonia with a purity of 99.99% w/w 
(Praxair). 
3.2 Experimental set-up 
The experiment is carried out at various pressures, in the range of 4 - 50 atm 
absolute, and at room temperature (21~23 ºC) in a fixed-bed reactor. The fixed-
bed reactor is a 600 mm long, 11 mm ID, 316 stainless steel tube. Fig 3.1 shows 
the schematic diagram of the experimental set up which consists of a gas feed 
system, fixed-bed reactor, an on-line GC, and a data acquisition computer. 
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Figure 3.1.  Schematic diagram of experimental setup 
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The flow rates of the gases are controlled by mass flow controllers (5850S 
smart mass flow, Brooks instruments Inc.). The accuracy of these controllers is 
±0.7% of the rate. The calibrations curves are shown in Appendix C. The reactor 
pressure is adjusted by a back pressure regulator (Swagelok) located at the gas 
exit line and it is measured using the differential pressure indicator 
(SCADASENSE 4102, Control Microsystems), the accuracy of which is ±0.05% 
of its span. The H2S concentration at the exit gas line was measured by the on-line 
6890N Network GC System coupled with thermoconductivity detector (TCD) 
which has a minimum detection limit of 100 ppm for H2S, and flame photometric 
detector (FPD) which has a minimum detection limit of 10 ppm for H2S (Agilent 
technologies).  
The setup for ammonia leaching is simple. The flow rate of liquid ammonia 
is controlled by a needle valve. The leaching vessel is a 316 stainless tube, 600 
mm in length and 22 mm in I.D. The pressure of the vessel is adjusted by a back 
pressure regulator preventing the liquid ammonia from vaporization.   
3.3 Experimental Procedure 
A measured amount of iron oxide adsorbent is loaded into the reactor. The 
operating pressure is set using the pressurized nitrogen gas stream and adjusting 
the back pressure regulator. Once the pressure stabilizes, the H2S mixture gas, 
which has a known concentration, is fed into the reactor. Nitrogen is used as a 
balance gas to dilute the H2S mixture gas to a desired H2S concentration. The 
breakthrough curves are obtained from the measurements of H2S concentration at 
the outlet end of the reactor.  
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3.4 Analysis of effluent gas from the fixed-bed 
There are several configurations for combining the TCD (thermal 
conductivity detector) and FPD (flame photometric detector) within a single GC.  
The first option is to place them in series after a single column. The other option 
is to arrange them in parallel, where each of the detectors senses a sample from 
different GC columns. The first option was adopted in this study.  Due to the large 
difference in the sensitivity for sulfur between the TCD and the FPD, the key to 
accuracy is that the transition from FPD to TCD must be timed carefully. The H2S 
concentration of effluent from the fixed-bed reactor gradually increases after the 
breakthrough time. At the beginning of breakthrough (H2S 50-500 ppm) the FPD 
may get valid readings and a good GC peak for sulfur, meanwhile the TCD may 
not get any response. At a certain time after breakthrough, when the H2S 
concentration of effluent is within the range of 600 ppm-1000 ppm, both of 
detectors have good responses. When H2S concentrations are more than 1000 ppm 
the FPD is overloaded and the peak tops are flattened and tailed. During the 
testing of the experiment, when the low concentrations of H2S in the effluent exist 
the FPD is used, otherwise the TCD is used. The operating parameters for GC and 
detectors are listed in Table 3.1. 
The calibration for detectors was carried out by using known concentrations 
of H2S mixture gases. The calibration curves and calibration equations for TCD 
and FPD are shown in appendices A and B. Three typical sample uncertainties in 
calibrations respectively for the TCD and the FPD in terms of 95 % confidence  
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Table 3.1  Operating parameters for GC and detectors 
Description Value 
Oven temperature program  Ramp to 120 °C at 20 °C/min; held 
for 5 minutes 
Capillary column 60.0 m x 320 µm x 0.00 µm nominal 
Split ratio 5.0:1 
split flow rate 28.2 mL/min 
TCD detector   
Heater temperature  250 °C 
reference flow (Helium) 20 mL/min 
Makeup flow (Helium) 7.0 mL/min 
FPD detector  
Heater temperature 200 °C 
H2 flow rate 75 mL/min 
Air flow rate 100 mL/min 
Makeup flow rate (Nitrogen) 15.0 mL/min 
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intervals are listed in Table 3.2.   Those data show that the errors are mainly 
caused by the calibrations for the TCD and FPD. 
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Table 3.2   95% confidence intervals in calibrations for the TCD and the FPD 
 
Detector TCD FPD 
Area 1820.00 801.32 316.72 696160 616570 247000 
Concentration 
(ppm) 
60100 
± 800 
30050 
± 450 
12020 
± 350 
1040 
± 46 
858 
± 42 
347 
± 24 
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Chapter 4 
Results and Discussion 
 
This chapter describes and discusses the results obtained from different 
experimental studies. The results of the adsorption experiments for three 
adsorbent samples are given in section 4.1. Section 4.2 describes the 
reproducibility of the data with the experimental set-up and procedures. Section 
4.3 describes the breakthrough behaviors for the selected adsorbent under 
different conditions. The change in sulfur loadings under different operating 
conditions are discussed in section 4.4. Pressure drop over the fixed-bed and 
breakthrough behaviors for the regenerated adsorbents are discussed in section 4.5 
and section 4.6 respectively. Section 4.7 describes the regression analysis of the 
breakthrough behaviors.  
4.1 The screening of adsorbent samples for CG-4A, CG-4B and CG-4C 
Three adsorbent samples denoted as CG-4A, CG-4B and CG-4C were 
obtained from the manufacturer, CLEAN Catalysis and Purification Technologies 
Development Company in Shanxi Province, China. The adsorbent particles were 
brown, cylindrical granules, 2 mm in diameter and 3-4 mm in length.  
The properties of these samples are shown in Table 4.1, which was provided 
in the product manual by the manufacturer. The adsorption experiments were 
performed at an absolute pressure of 10 atm, a superficial velocity of 0.022 m/s 
(0°C and 1 atm) (volumetric flow rate 500 mL/min), an inlet H2S concentration of  
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      Table 4.1   Chemical and physical characteristics of CG-4 adsorbents 
Properties CG-4A CG-4B CG-4C 
Packing density (g/cm3) 
Pore volume (mL/g) 
Voidage (%) 
Fe2O3 content (% w/w) 
H2O content (% w/w) 
0.73 
0.36 
55 
54.8 
11.0 
0.56 
0.34 
57 
28.7 
15.5 
0.66 
0.46 
47 
63.4 
13.8 
     Source: manufacturer manual 
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6.01% v/v, and a bed height of 24.5 cm. At the breakthrough points the sulfur 
adsorption loadings, or sulfur loadings were 18.79% w/w, 5.66% w/w, and 
22.23% w/w for CG-4A, CG-4B, and CG-4C respectively. CG-4C has the largest 
sulfur loading. This result is logical because the sulfur loading of the sample is 
proportional to its total content of Fe2O3, the active component in CG-4 
adsorbent. 
CG-4C was chosen as the adsorbent to test the breakthrough curve behavior 
unless otherwise noted.   
4.2 Reproducibility of the data 
 The reproducibility of the data with an experimental setup and procedures is 
critical to the accuracy of research. Therefore, five experiments of sulfur loading 
measurement were performed at the same conditions: a bed height of 24.5 cm 
(CG-4C adsorbent loading 16 g), superficial velocity of 0.26 m/s, and H2S inlet 
concentration of 3.00% v/v. Figure 4.1 shows the breakthrough curves of the five 
runs of experiments. A statistical analysis of sulfur loadings from the five 
repeated experiments was performed giving a sulfur loading 23.3% ± 0.6% w/w. 
Detailed results are listed in Table 4.2. Given the 4 degrees of freedom a Student 
t0.975 value of 2.78 was used to calculate the confidence interval at the 95% 
probability level. In this work, uncertainties were analyzed by using the Student t 
test at the 95% probability level.  
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Figure 4.1    The breakthrough curves for the reproducibility experiments at the 
conditions:  L0 = 24.5 cm; ug = 0.26 m/s; CA,in = 3.00 % v/v. 
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Table 4.2   The data statistics for five experiments of sulfur loading measurement 
Run Number 1 2 3 4 5 
Sulfur loading (% w/w) 23.03 23.63 22.84 24.01 22.96 
Average sulfur loading (% w/w) 23.29 
Standard deviation 0.5 
Relative standard deviation 2.16 % 
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4.3 Breakthrough behaviors 
As stated in Chapter 2, the breakthrough curves do not appear like a step 
function because the adsorption reaction rate is finite. The H2S concentration in 
the outlet gas stream increases from zero to the value that is equal to the inlet H2S 
concentration during a time interval between the breakthrough time (tb), at which 
the H2S first shows in the effluent gas, and the complete saturation time (tc), at 
which the H2S concentration in the effluent gas becomes equal to the H2S inlet 
concentration. The axial changes in H2S concentration and adsorbent conversion 
take place in the transition zone. The shape of the breakthrough curve gives an 
indication of the apparent adsorption kinetics which is determined by the 
operating conditions. The effects of changing H2S inlet concentration, operating 
pressure, and gas flow superficial velocity on the adsorption kinetics and the 
shape of the breakthrough curves are investigated as follows.  
4.3.1   Effect of changing inlet H2S concentration  
Several experiments were carried out with different H2S concentrations 
ranging from 0.50% to 6.01% v/v, at room temperature (21~23 °C) and 50 atm as 
shown in Figure 4.2. The aim was to study the effect of H2S inlet concentration on 
the breakthrough curve and sulfur loading and to estimate the effect of H2S feed 
concentration on the adsorption reaction. 
At a constant total operating pressure of 50 atm, the slope of the 
breakthrough curve lessens and the period of time between tb and tc increases,  
when the inlet H2S concentration in gas is decreased. The complete saturation 
time, tc, was not obtained in a typical experiment run time when the H2S inlet  
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 Figure 4.2   Effect of H2S concentration on breakthrough at P = 50 atm,  
                     L0 = 24.5 cm; ug =  0.26 m/s. 
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concentration was below 1.00% v/v. As a result, the transition zone, or working 
zone, in the fixed-bed becomes longer at lower inlet H2S concentrations. It is 
understood that lower apparent reaction rate between H2S and the adsorbent 
results in a longer working zone (Adanze, 2005). Therefore, lower H2S inlet 
concentration in a gas leads to lower apparent reaction rate. Furthermore, as the 
H2S concentration decreases, a longer bed, or more active sites, is needed to 
consume a given amount of H2S within the same time period.    
 4.3.2   Effect of change in operating pressure  
An investigation into the effect of the total operating pressure on the 
breakthrough curves for adsorbent CG-4C was conducted. Figure 4.3 shows the 
breakthrough curves for various total pressures at a constant H2S concentration of 
3.00% v/v. 
It was found that the breakthrough curves show no obvious change when the 
total pressure was changed from 4 atm to 50 atm at 3.00% v/v H2S. It is known 
that the increase in total pressure will lead to an increase in the H2S partial 
pressure when the H2S inlet concentration is the same. The increase in H2S partial 
pressure should results in a more rapid adsorption reaction according to either 
reaction kinetics or mass transfer laws. To verify this hypothesis, another set of 
experiments were performed where the H2S partial pressure was kept constant of 
0.15 atm by varying the total pressure and the H2S inlet concentration 
simultaneously. It was hypothesized that by doing so the same shape of 
breakthrough curves would be observed because the same H2S partial pressure 
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       Figure 4.3    Effect of changing pressures on the breakthrough curves  
                at CA,in 3.00 % v/v, L0 = 24.5 cm;  ug =  0.26 m/s. 
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should results in the same adsorption reaction. However, the results shown in  
 Figure 4.4 do not prove the hypothesis. Figure 4.4 shows a similar trend to that 
seen in Figure 4.2 for changes in the H2S inlet concentration. There seems to be 
no correlation with change in pressures. Other researchers attempted to explain 
the effect of total pressure change in their gas-solid systems. Qiu and Lindqvist 
(2000) used the unreacted shrinking core model to describe the sulfidation 
reaction of CaO with SO2. The kinetic rate constant they determined decreases as 
total pressure increases. Garcia-Labiano (2004) applied the grain model to predict 
the direct sulfidation of half-calcined CaCO3·MgO by H2S. They found that the 
pre-exponential factor of the Arrhenius-type reaction rate constant becomes less 
when total pressure is higher but the activation energy does not change with total 
pressure. Nevertheless, the conclusion drawn from this research tends to be that 
total pressure change in gas phase does not change the breakthrough curve 
characteristics when other operating conditions are kept the same. 
4.3.3   Effect of fixed-bed length change 
When other operating parameters such as the total pressure, the H2S inlet 
concentration, and the gas superficial velocity were kept the same, it was observed 
that the breakthrough curves obtained with different bed lengths (different 
adsorbent loadings of 8 g, 12 g, and 16 g) are closely shaped as shown in Figure 
4.5. This observation indicates that the global reaction dynamic does not change 
due to the change in bed length and therefore fully developed flow has been 
established within the first 11.5 cm of the bed (Froment and Bischoff, 1990). The 
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Figure 4.4   Effect of total pressure on the breakthrough curves at a constant H2S 
partial pressure of 0.15 atm (×: P = 5 atm, CA,in = 3.00 v/v; ▲: P = 10 atm, CA,in = 
1.50 % v/v; ■: P = 15 atm, CA,in = 1.00 % v/v; ♦: P = 30 atm, CA,in = 0.50 % v/v). 
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         Figure 4.5   Effect of the bed height on the breakthrough curves  
               at P = 50 atm, CA,in = 3.00 % v/v, ug = 0.26 m/s. 
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 longitudinal Peclet number, Pe, shows the ratio of the rate of transport by 
convection to the rate of transport by dispersion. Under the experimental 
condition for the shortest bed length: 
4
8
0
1049.5
1009.1
115.00052.0
Pe
2
×=
×
×
==
−
SH
g
D
Lu
. (4.1) 
According to Fogler (2006), plug-flow can be assumed when Pe is larger than 
1000, strongly suggesting that plug flow conditions exist within experiments 
conducted. It is noted that SH2D was calculated using Fuller’s method (Poling et al. 
2001):  
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22
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νν ∑+∑+
×
=
−
−−
−
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D . (4.2) 
For the H2S-N2 system: =SH2MW  34, =2NMW 28, ( ) =∑ 2Nν 18.5, ( ) =∑ SH2ν 27.52 at 
T = 296 K, and P = 50 atm. 
4.3.4   Effect of superficial velocity change 
At an identical total gas pressure of 50 atm, and the same H2S inlet 
concentration of 3.00% v/v, the effect of changing superficial gas velocity was 
studied. From Figure 4.6 it can be seen that the breakthrough curves appeared at 
later times as the gas superficial velocity decreased. This is because the mass flux 
of H2S in inlet end of the bed decreases and therefore the stochiometric time 
increases according to Eq. (3.6). In addition, the shape of the breakthrough curves 
became less steep with a decrease in gas superficial velocity as shown in Figure  
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                Figure 4.6   Effect of superficial velocity on breakthrough curves  
                    at P = 50 atm, CA,in = 3.00 % v/v. 
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4.7. This means that the global reaction rate decreases with a decrease in 
superficial velocity and therefore it shows that the mass transfer resistance in the 
gas film was not negligible under the operating conditions used. 
4.3.5   Effect of the addition of methane to the H2S-N2 mixture 
Methane is the main component in natural gas. Whether methane (CH4) 
affects the breakthrough behavior of H2S in adsorbent bed was studied by adding 
methane to the gas mixture. The shape of the breakthrough curves at different 
concentrations of methane in the gas mixture, having the same inlet H2S 
concentration of 3.00% v/v, are similar to each other as seen in Figure 4.8. It can 
be also seen in Figure 4.8 that the change in total pressure has no effect on the 
breakthrough curves and sulfur loadings even when CH4 is present. Two 
experiments were also performed at the same inlet H2S concentration of 1.00% 
v/v and at the same pressures of 5 atm, but one of them was performed for a H2S –
CH4 mixture containing 50% v/v methane, the other for a H2S-N2 mixture without 
methane. Figure 4.9 indicates that the presence of methane in the H2S-N2 mixture 
does not has an impact on the breakthrough curve and sulfur loading. Therefore it 
is concluded that the CG-4 adsorbent shows the same, or at least, the very similar 
breakthrough behavior for either a H2S-N2 or a H2S-CH4 mixture. 
4.4 Sulfur loadings of adsorbent under different operating conditions 
Sulfur loading is the intake capacity of H2S for an adsorbent, it can be 
calculated by Eq. (2.57) after the breakthrough time, tb, is measured by an  
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   Figure 4.7   Comparison of the shapes of breakthrough curves for different     
                    superficial velocities at P = 50 atm, CA,in = 3.00 % v/v. 
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Figure 4.8    Comparison of effect of methane in the mixture gas with inlet H2S 
concentration 3.00 % v/v at different experimental conditions. (▲20 atm, 50.00 % 
v/v CH4; ■ 5 atm, 0.00 % v/v CH4; ● 5 atm, 50.00 % v/v CH4) 
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Figure 4.9   Comparison of effect of methane in the mixture gas with inlet H2S 
concentration 1.00 % v/v at different concentrations of CH4.  (▲5 atm, 83.30 % 
v/v CH4; ■ 5atm, 0 % v/v CH4) 
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experiment under certain operating conditions such as inlet H2S concentration, 
CA,in, operating pressure, P, superficial velocity, ug, bed height, L0.     
4.4.1   Effect of change in inlet H2S concentration  
          The sulfur loadings at different H2S feed concentrations are listed in Table 
4.3, experiments 5 to 8. The sulfur loading decreases while the H2S concentration 
increases from 0.50% to 6.01% v/v. It is assumed that adsorbent pellets have 
finished reacting when the breakthrough point is observed. However, 
incompletely reacted cores exist inside the adsorbent pellets in saturated bed zone. 
This is because the mass transfer resistance in the reacted layer of the adsorbent 
become so large that the reaction rate is insignificant compared with that in the 
main working zone of the bed. The size of these cores increase and therefore the 
sulfur loading decreases with the increase of the H2S concentration in the feed 
stream. This is because the moving velocity of transition zone increases and 
therefore reacting time decreases. The mass flux of H2S in the feed stream is used 
to indicate this impact of H2S inlet concentration on the adsorption process, as 
shown in Figure 4.10. It is shown that when the mass flux of H2S in the feed 
stream is less then 11.3 g/m2-s, its impact on sulfur loading is negligible.   
4.4.2   Effect of change in operating pressure  
         When the total pressure was changed from 4 atm to 50 atm at a H2S 
concentration of 3% v/v, the sulfur loading remained constant at about 23% w/w. 
When the partial pressure of H2S was maintained at 0.15 atm and the total 
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       Table 4.3    The results of the experiments performed using the fixed-bed at 50 atm  
 
Exp 
ug  
(m/s) 
CA,in  
(% v/v) 
L0 
(cm) 
tr 
(s) 
tb  
(min) 
ts 
(min) 
LUB 
(cm) 
FUB  
(%) 
 SC  
(% w/w) 
1 0.09 3.00 24.5 2.8±0.2 225±1 260±17 3.0±0.2 12.3±0.9 30.1±0.4 
2 0.14 3.00 24.5 1.8±0.1 135±1 160±8 3.9±0.2 15.8±0.8 28.9±0.3 
3 0.18 3.00 24.5 1.4±0.1 101±1 128±9 5.2±0.4 21.2±1.6 27.1±0.3 
4 0.26 3.00 24.5 0.94±0.03 60±1 85±3 7.3±0.3 29.8±1.2 22.9±0.4 
5 0.26 0.50 24.5 0.94±0.03 369±1 510±10 6.9±0.1 28.2±0.4 24.7±0.2 
6 0.26 1.00 24.5 0.94±0.03 166±1 257±3 8.6±0.1 35.4±0.4 22.8±0.2 
7 0.26 3.00 24.5 0.94±0.03 60±1 85±3 7.3±0.3 29.8±1.2 22.9±0.4 
8 0.26 6.01 24.5 0.94±0.03 20±1 43±2 13.0±1.0 53.2±4.0 16.1±0.8 
9 0.26 3.00 11.5 0.44±0.02 10±1 40±2 8.6±1.0 75.1±8.7 8.0±0.8 
10 0.26 3.00 17.0 0.65±0.03 34±1 59±4 7.3±0.9 42.7±5.3 18.2±0.5 
                     
                 1. FUB, fraction of unused bed.  2.  SC, Sulfur loading; 3. tr, residence time. 
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Figure 4.10   Effect of mass flux of H2S on sulfur loading at ug = 0.26 m/s and L0 
= 24.5 cm. ▲ Data from the experiments on pressure (P=5, 10, 15, 30 atm). ■ 
Data from the experiments on concentration at same residence time (CA,in = 6.01, 
3.00, 1.00, 0.50% v/v). 
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 pressure was changed, there was no significant difference in the sulfur loading 
(see Figure 4.10), although there are different shapes of breakthrough curves (see 
Figure 4.4). It can be concluded that the impact of total pressure on sulfur loading 
is not significant.          
4.4.3   Effect of change in superficial velocity and height of the bed 
As shown in Figure 4.11, when the superficial gas velocity increased, the 
sulfur loading at the breakthrough point decreased. The reason for this is that the 
residence time decreased. The change in height of bed also changes the residence 
time and has the same impact on sulfur loading. This is why these two parameters 
are discussed together.  
The sulfur loading changes as shown in Figure 4.12 with the change in 
residence time. The rate of change decreases as the residence time increases. 
When the residence time is more than 3 seconds, the impact of a change in 
residence time on the sulfur loading is negligible. 
4.5   Pressure drop in the fixed-bed 
The pressure drop of the CG-4 adsorbent bed in the breakthrough curve 
experiments was monitored. The Ergun, Hukill and Shedd equation (McGuckin, 
1999), correlating pressure drop, ∆P, with gas viscosity, density, porosity of the 
bed, sphericity of adsorbent particles, and particle diameter, was used to evaluate 
the experimental ∆P.  The equation is 
2 2
0 0
2 2 3 3
0
(1 ) (1 )
150 1.75
g fb g fb
s p fb s p fb
u uP
L d d
µ ε µ ε
ψ ε ψ ε
− −∆
= +  (4.3) 
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  Figure 4.11   Effect of superficial velocity on sulfur loading at P = 50 atm,  
                  CA,in = 3.00% v/v. (experiments 1-4 in Table 4.3) 
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   Figure 4.12 Effect of changing residence time on sulfur loading (Experimental 
                  conditions are shown in experiments 1-4 and 9-10 in Table 4.3)   
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where sphericity, Sψ , of a particle is the ratio of the surface area of a sphere (with 
the same volume as the given particle) to the surface area of the particle. For a 
cylindrical particle:    
         
1 2 1 2
23 3 3 3
2
*(6* ) *(6* * )
2 2
P
s
P
V r h
A r r h
pi pi piψ
pi pi
= =
+
 (4.4) 
Table 4.4 shows the values of experimental pressure drop in the adsorbent bed. 
Figures 4.13-4.15 compare the experimental ∆P and the calculated ∆P at varying 
ug, L0, and total pressures, P. The accuracy of Eq. (4.3) for the H2S-N2 system in 
this study is demonstrated in Figure 4.16, where the maximum scatter ( maximum 
deviation of model from experiment) of the data is found to be ±34 Pa at all 
measured values of pressure drop, demonstrated by the dashed lines.        
The pressure drop over the course of two experiments is shown in Figure 
4.17. The pressure drop over the fixed-bed increased over the course of the 
operating period, which is due to change in the structure of adsorbent particles. 
But the change of pressure drop over the course of adsorption process is only 
about 10 Pa less than the errors caused by Eq. (4.3). Thus Eq. (4.3) can be used to 
evaluate the pressure drop in the adsorption process. 
4.6   Breakthrough behaviors for regenerated adsorbents 
Breakthrough curves are determined by the global kinetics of the adsorption 
process. The characteristics of adsorbents have an important influence on the 
adsorption process. The regeneration methods chosen to regenerate the spent 
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    Table 4.4 The measured and calculated pressure drop of the CG-4 bed  
        a. Measured in the experiments at a H2S inlet concentration of 3.00% v/v. 
        b. Calculated from the equation using Ψs=0.83, εfb=0.41. 
Run 
ug  
(m/s) 
P  
(atm) 
L0 
(cm) 
u0x10
3 
(m/s) 
∆Pa  
(pa) 
∆P b 
(pa) 
1 
2 
3 
4 
11 
12 
4 
10 
9 
0.09 
0.14 
0.18 
0.26 
0.26 
0.26 
0.26 
0.26 
0.26 
50.0 
50.0 
50.0 
50.0 
40.0 
10.0 
50.0 
50.0 
50.0 
24.5 
24.5 
24.5 
24.5 
24.5 
24.5 
24.5 
17.0 
11.5 
1.70 
1.80 
3.40 
5.20 
6.50 
26.0 
5.20 
5.20 
5.20 
27.56±0.01 
67.53±0.03 
99.92±0.05 
132.21±0.07 
70.29±0.04 
39.28±0.02 
132.21±0.07 
101.99±0.05 
90.96±0.05 
22.3±0.2 
57.3±0.2 
108.2±0.3 
165.6±0.3 
86.9±0.4 
13.3±0.1 
165.6±0.3 
114.9±0.5 
77.7±0.3 
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           Figure 4.13   Comparison of the observed and the calculated pressure drop 
                       for different superficial velocities at P = 50 atm, CA,in = 3.00% v/v.   
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          Figure 4.14   Comparison of the observed and the calculated pressure  
                              drop for different height of the fixed-bed  at P = 50 atm, ug =  
                              0.26 m/s, CA,in = 3.00% v/v.  
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   Figure 4.15 Comparison between the observed and the calculated pressure 
                        drop for different total pressures at at ug = 0.26 m/s, L0 = 24.5 cm  
                        CA,in = 3.00% v/v.  
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       Figure 4.16 Parity plot showing scatter of pressure drop to the prediction of  
                     Eq. (4.3). Dashed lines show the maximum deviation.  
 74 
      
 
 
         
0
10
20
30
40
50
60
70
0 50 100 150 200 250 300 350 400 450
P
re
s
s
u
re
 d
ro
p
 (
P
a
)
Time (min)
 
    Figure 4.17   Pressure drop versus time for ug = 0.26 m/s (●) at 30 atm with 
0.50% v/v H2S; (▲) at 15 atm with 1.00 %v/v H2S. 
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adsorbent can alter the characteristics of the adsorbent, and therefore have an 
impact on the breakthrough curves. In this study, breakthrough curves were 
measured for adsorbents regenerated using air and using liquid ammonia.  
When the spent adsorbent is exposed to air, Fe2S3 is oxidized to Fe2O3 and 
elemental sulfur and a part of the adsorbent activity is restored naturally. In the 
meantime, elemental sulfur deposition in the air-regenerated adsorbent causes a 
decrease in activity and sulfur loading when compared to the virgin adsorbent. 
Ammonia leaching is considered a feasible treatment to remove elemental 
sulfur from the used adsorbents (Boudou et al., 2003; Wang et al., 2008). The air-
regenerated adsorbent (regenerated by exposing to air for 24 h) was leached by 
using Wang’s method (2008); that is, the air-regenerated adsorbent is leached 
continuously for 3 hours until the leachate was no longer coloured. The 
breakthrough curves for the virgin, air-regenerated, and ammonia-leached 
adsorbents are depicted in Figure 4.18. The sulfur loading for the air-regenerated 
adsorbent is about 3.5% w/w, only 16% of that of the virgin sample. The sulfur 
loading for the ammonia-leached adsorbent is 8% w/w, about one third of that of 
the virgin sample. The breakthrough curve for the air-regenerated adsorbent was 
distinctly wider and less steep than those for the virgin and ammonia-leached 
adsorbents. It can be concluded that the apparent reaction rate in the air-
regenerated adsorbent is slower than the others. It is easy to understand that there 
is larger diffusion resistance in the solid layer due to the deposition of elemental 
sulfur. This is consistent with the findings of Wang et al. (2008). From Table 4.5, 
it is observed that only about 40% of sulfur in the spent adsorbent can be leached  
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    Figure 4.18   Breakthrough curves for ■ virginadsorbent, ▲ leached adsorbent,   
           
       and ● air-regenerated adsorbent at 3.00% v/v, 1500 mL/min, 50 atm absolute. 
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Table 4.5 Results of ICP element analysis for virgin adsorbent, air-regenerated 
adsorbent and ammonia-leached adsorbent 
Element 
virgin sample 
% w/w 
Spent sample  
% w/w 
Leached sample 
% w/w 
leachate 
% w/w 
Al 
Ca 
Fe 
Mg 
Mn 
P 
Na 
Ti 
S 
0.042 
4.210 
45.00 
0.140 
0.167 
0.002 
0.05 
0.421 
3.4 
0.034 
3.320 
34.90 
0.110 
0.136 
0.002 
0.05 
0.332 
25.8 
0.035 
3.380 
37.50 
0.120 
0.146 
0.002 
0.04 
0.355 
15.3 
0.0029 
0.020 
0.071 
0.009 
0.0011 
0.0007 
0.022 
0.0010 
83.4 
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with ammonia. The leachate obtained by using Wang’s ammonia leaching method 
(2008) consists mainly of elemental sulfur as shown in Table 4.5. It can be 
postulated that over half of the sulfur exists in the form of Fe2S3 as opposed to 
elemental sulfur. Sulfur in the form of Fe2S3 decomposes to FeS2 and Fe8S9. Since 
Fe8S9 can not be oxidized, and the oxidization of FeS2 to Fe2O3 is extremely slow 
(Crynes, 1977), this Fe2S3 remains bound to the adsorbate and is not removed 
during regeneration.  
4.7   Regression analysis of the breakthrough behaviors 
Since the fixed bed reactor is operated in an unsteady state, the transient of 
the reactor’s outlet gas compositions depends on the operating conditions. In 
order to predict the transients of the outlet gas compositions, complex differential 
and energy balance equations based on the rate data for a single particle need to 
be solved. Several methods for solving these equations are discussed in Chapter 2. 
Due to lack of rate data for an iron oxide particle reaction with H2S, a theoretical 
model can not be provided. A trial has been done to obtain the apparent kinetics 
(Appendix F), but the models can not describe the experimental data of the 
adsorption process in this study.  
From a practical point of view, therefore, an empirical equation was 
developed from the experimental breakthrough curves by using the commercial 
software, Labfit. The curve fitting shows the following equation fits the 
experimental data: 
tB
inA
A eA
C
C
−
−= 1
,
     (4.5) 
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where CA is outlet H2S concentration % v/v, CA,in is inlet H2S concentration % v/v, 
t starts at the breakthrough moment (s), and A and B are parameters to be 
determined  by the operating conditions.  
Figures 4.19 to 4.21 show the experimental data and the calculated 
breakthrough curves. It should be noted again that the starting point in the 
breakthrough curve, now, t = 0, is the time at which H2S starts to breakthrough. 
The model parameters A and B were calculated by regression analysis and the 
results of the regression analyses for all runs are listed in Table 4.6. The value R2 
shows a good correlation between t and lnCA. Parameter A has no significant 
changes over all operating conditions and the average is 1.00±0.02. Physically, 
parameter A must be equal to 1 to make 
0
,
=
inA
A
C
C
at t = 0. (4.6)  
It is interesting to find that a linear correlation exists between mass flux of H2S in 
the inlet gas and parameter B under all the operating conditions of CA,in, ug, and P: 
SHoffluxmass0026.0 2×=B    (R
2 
= 0.9927) (4.7) 
where mass flux of H2S is in g/m
2-s. 
The parameter B increases with increases in either the inlet gas H2S 
concentration or the superficial velocity of feed gas stream. At the same 
concentration of H2S and superficial velocity, the change in operating pressure 
does not change the mass flux of H2S in inlet gas and the parameter B remains the 
same. Therefore the shape of breakthrough curves is the same as shown in Figure 
4.3. 
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Figure 4.19 Comparison of the measured and predicted breakthrough curves for 
different superficial velocities at P = 50 atm, CA,in = 3.00% v/v. Solid lines  
represent the predicted values. 
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  Figure 4.20 Comparison of the measured and predicted breakthrough curves for 
different H2S concentrations at P = 50 atm, ug = 0.26 m/s. Solid lines represent the 
predicted values. 
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Figure 4.21 Comparison of the measured and predicted breakthrough curves for 
different pressures and different concentrations at ug = 0.26 m/s (×: P = 5 atm, 
CA,in = 3.00% v/v; ▲: P = 10 atm, CA,in = 1.50% v/v; ■: P = 15 atm, CA,in = 1.00% 
v/v; ♦: P = 30 atm, CA,in = 0.50% v/v). 
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Table 4.6   Parameters A and B with the 95% confidence intervals for the 
  empirical Eq. (4.5) at different conditions 
Run 
ug 
(m/s) 
CA,in 
(v/v) 
P 
(atm) 
A B R2 
1 0.09 0.0300 50.00 1.02±0.01 0.010±0.001 0.981 
2 0.14 0.0300 50.00 1.05±0.02 0.018±0.001 0.976 
3 0.18 0.0300 50.00 1.05±0.01 0.022±0.001 0.973 
4 0.26 0.0300 50.00 1.10±0.02 0.034±0.002 0.979 
5 0.26 0.0050 50.00 0.86±0.01 0.005±0.001 0.979 
6 0.26 0.0100 50.00 0.92±0.02 0.010±0.001 0.976 
7 0.26 0.0300 50.00 1.10±0.02 0.034±0.001 0.978 
8 0.26 0.0601 50.00 0.99±0.01 0.060±0.001 0.985 
9 0.26 0.0050 30.00 0.92±0.01 0.005±0.001 0.981 
10 0.26 0.0100 15.00 0.92±0.01 0.009±0.002 0.984 
11 0.26 0.0150 10.00 1.00±0.01 0.014±0.002 0.990 
12 0.26 0.0300 5.00 1.01±0.02 0.030±0.001 0.991 
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The uncertaity of Eq (4.5) (for operating condition of P = 5 atm, ug = 0.26 
m/s, and CA,in = 3.00% v/v.) in terms of 95% confidence intervals is shown in 
Figure 4.22. Under other conditions Eq. (4.5) has similar confidence intervals. 
In industrial practice, two vessels are arranged in lead/lag configuration as 
mentioned in Chapter 2. Eqs (4.5) and (4.7) can be used to determine the time 
needed for the adsorbent in one of two vessels to become saturated. Eq. (4.5) 
provides an easy tool for companies to predict the running period between media 
change-overs.     
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    Figure 4.22 The uncertainty of Eq (4.5) with the 95% confidence intervals at 
  
                      P = 5 atm, ug = 0.26 m/s, and CA,in = 3.00% v/v.  
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Chapter 5  
Conclusions and Recommendations 
 
5.1 Conclusions 
The breakthrough curves for the CG-4 iron oxide adsorbent in the fixed-bed 
were measured and analyzed at different operating conditions. The parameters for 
the breakthrough curve, such as stoichiometric time (ts) and length of unused bed 
(LUB) were calculated along with breakthrough points and sulfur loadings at 
superficial velocities of 0.09-0.26 m/s, H2S inlet concentration of 0.50-6.01% v/v, 
pressure of 4-50 atm, and bed height of 11.5-24.5 cm.  
Changing operating pressure within a range of 4-50 atm at constant H2S 
concentration had no obvious impact on the shape of the breakthrough curve, the 
sulfur loading, or the length of unused bed (LUB).  
The effect of changes in superficial velocity was more complex. The 
breakthrough curves appeared at later times and became wider as the superficial 
velocities (gas velocity) decreased. With an increase in the superficial velocity 
from 0.09 m/s to 0.25 m/s the length of unused bed proportionally increased and 
the utilization efficiency of the bed decreased. Thus, it was concluded that the 
sulfur loading lowers because of the decrease in retention time of the gas stream 
in the fixed-bed reactor.  
Changes in the concentration of H2S in the feed gas stream had an effect on 
the process from a kinetics point of view. Wider and flatter breakthrough curves 
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were obtained as the concentration of H2S decreased. The utilization efficiency of 
the fixed-bed increased, as the H2S inlet concentration decreased from 6.01 to 
0.50% v/v.  
Change in the height of the fixed-bed from 11.5 to 24.5 cm had no impact 
on the shape of the breakthrough curves, indicating that a fully-developed flow 
assumption is acceptable for this system under the range of operating conditions, 
leading to a constant transition zone within the fixed-bed reactor. However, the 
utilization efficiency of the fixed-bed and the sulfur loading increased with an 
increase in the height of the fixed-bed.  
The sulfur loading for used adsorbent regenerated by exposing it to air is 
about 3.5% w/w, only 16% of the virgin sample’s sulfur loading under the same 
operating conditions. The sulfur loading for used adsorbent regenerated by 
ammonia leaching is 8.0% w/w under similar conditions.  
A simple empirical expression was proposed to predict the breakthrough 
curves and their evolution with time. The parameter B in the empirical expression 
has a linear correlation with the mass flux of H2S in the feed gas stream. A good 
agreement between measured and predicted exit gas compositions versus time 
curves shows that this expression can be used for this process in a wide range of 
operating conditions. 
In summary, the CG-4 adsorbent is effective for removal of H2S in natural 
gas processing. Sulfur loading is mainly dependent on the residence time and 
mass flux of H2S in the fixed-bed. The suggested residence time and mass flux of 
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H2S are more than 3 seconds and less than 11.3 g/m
2-s respectively. The optimum 
values for practical use should be decided by considering economic factors.   
5.2 Recommendations 
The impact of the adsorption operating conditions on the breakthrough 
curves and the sulfur loading has been investigated. Further investigation needs to 
be done to observe how the structure of the adsorbent changes over the course of 
the adsorption process and how it causes the breakthrough curves and sulfur 
loadings change. 
Although regression analysis was used to obtain the empirical correlation 
between exit gas H2S concentration and time, it is believed that the correlation can 
give some directions to understanding the kinetics of this process. For instance, 
the parameter B is very close to the inlet H2S concentration under the 
experimental conditions. Further study may disclose why this is so. 
In order to further understand this adsorption process, the reaction kinetics 
for single grain needs to be studied. In addition, the effect of changing the 
operating temperatures on the breakthrough curve and sulfur loading can be 
investigated. This would help to develop a theoretical model. 
In this study, the deep injection method for disposal of the spent adsorbent 
was initially suggested, but not investigated. Before approving of such an 
operation, the regulatory agencies need to review applications to maximize 
conservation of hydrocarbon resources, minimize environmental impacts, and 
ensure public safety. Detailed research needs to be carried out before such 
approval will be given. 
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  Appendix A:    Calibration table and curve for TCD 
      A1. Calibration table for TCD 
RT (min) Compound Amount (ppm) Area 
2.4 H2S 858 16.2 
  1001 21.7 
  1040 22.1 
  2003 46.1 
  3756 92.2 
  7513 189.1 
  12020 316.7 
  20030 536.2 
  30050 801.3 
  60100 1820.0 
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    A2. Calibration curve for TCD    
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Calibration equation expressed in terms of the 95 % confidence intervals for 
the slope and intercept is: 
     Concentration (ppm) = (33.2 ± 0.4)*peak area + (1100 ± 320) 
 . 
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Appendix B:    Calibration table and curve for FPD 
   B1.  Calibration table for FPD 
RT (min) Compound Amount (ppm) Area 
2.41 H2S 50 3558 
  80 10193 
  115 23287 
  173 60437 
  260 166340 
  347 247000 
  520 303570 
  858 616570 
  1040 696160 
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B2. Calibration curve for FPD 
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  Calibration equation expressed in terms of the 95 % confidence intervals 
for the slope and intercept is: 
       Concentration (ppm) = (0.00134 ± 0.00006)*peak area + (68±20) 
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Appendix C:   Calibration curves for mass flow controllers  
   
    C1. Calibration curve for mass flow controller 5850S (10 L/min) 
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Calibration equation expressed in terms of the 95 % confidence intervals for 
the slope and intercept is: 
     Flow rate (L/min) = (1.004 ± 0.002)*peak area - (0.01±0.01) 
 
  
      
 
 
 R2=0.9996 
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 C2. Calibration curve for mass flow controller 5850S (1 L/min) 
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Calibration equation expressed in terms of the 95 % confidence intervals for 
the slope and intercept is: 
      Flow rate (L/min) = (1.005 ± 0.002)*peak area - (0.004±0.001) 
R2=0.9997 
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Appendix D:     
Conversion of the mass flow controller for a different gas than for which it is 
calibrated 
  D1. Gas factor table 
 
    
Gas name N2 H2S CH4 
Gas factor 1.000 0.850 0.763 
 
  D2.  For a pure gas: 
 
2
factor of the new gas
Actual gas flow rate = output reading×
factor of the calibrated gas(N )
 
 
  D3.  For mix gases: 
 
 
1. Calculate gas factor for mix gases 
  
 
                                                
100
Factor for mixture =
P1 P2 Pn
+ +××+
factor of gas1 factor of gas 2 factor of gas n
 
        
                  
    Where     P1 percentage (%) of gas 1 (by volume) 
                    P2 percentage (%) of gas 2 (by volume) 
                    Pn percentage (%) of gas n (by volume)  
 
    2.    Calculate the actual flow rate 
 
 
  
2
factor of the mixture gas
Actual gas flow rate = output reading×
factor of the calibrated gas(N )
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Appendix E:  Raw data of breakthrough experiment at superficial 
velocity 0.26 m/s, pressure 50 atm 
 
Table E1  Raw data of breakthrough experiment at H2S concentration 0.50 % v/v 
 
Time (min) CA/CA,in (measured) CA/CA,in (calculated) 
 
0 
0 0 
3 0.146 0.151 
15 0.198 0.202 
20 0.227 0.222 
25 0.250 0.242 
31 0.270 0.265 
36 0.288 0.284 
41 0.302 0.302 
47 0.322 0.323 
52 0.346 0.340 
60 0.376 0.367 
65 0.394 0.383 
70 0.414 0.399 
76 0.439 0.417 
82 0.459 0.435 
89 0.476 0.455 
95 0.497 0.471 
100 0.510 0.485 
106 0.524 0.500 
112 0.542 0.515 
122 0.555 0.540 
127 0.574 0.551 
133 0.589 0.565 
138 0.596 0.576 
145 0.606 0.591 
 103 
 
 
153 0.616 0.608 
161 0.623 0.623 
168 0.642 0.637 
176 0.661 0.651 
180 0.669 0.658 
184 0.675 0.665 
190 0.677 0.675 
195 0.684 0.684 
199 0.695 0.690 
209 0.705 0.706 
227 0.724 0.732 
231 0.729 0.737 
251 0.742 0.763 
256 0.748 0.759 
265 0.759 0.779 
270 0.760 0.785 
280 0.765 0.796 
291 0.773 0.807 
332 0.778 0.844 
348 0.787 0.856 
360 0.811 0.860 
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Table E2 Raw data of breakthrough experiment at H2S concentration 1.00 % v/v 
 
Time (min) CA/CA,in (measured) CA/CA,in (calculated) 
0 0 0 
8 0.108 0.148 
13 0.169 0.189 
20 0.199 0.245 
26 0.306 0.289 
32 0.363 0.331 
38 0.403 0.371 
46 0.460 0.419 
52 0.498 0.453 
59 0.535 0.491 
66 0.570 0.525 
73 0.599 0.558 
80 0.624 0.624 
89 0.649 0.646 
95 0.672 0.667 
101 0.693 0.689 
108 0.704 0.710 
115 0.720 0.760 
134 0.758 0.775 
140 0.767 0.790 
147 0.778 0.806 
155 0.779 0.818 
161 0.796 0.830 
168 0.803 0.842 
175 0.808 0.854 
183 0.814 0.876 
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199 0.823 0.902 
223 0.841 0.923 
246 0.855 0.940 
272 0.870 0.950 
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Table E3  Raw data of breakthrough experiment at H2S concentration 3.00 % v/v  
Time (min) CA/CA,in (measured) CA/CA,in (calculated) 
0 0 0 
11 0.121 0.240 
15 0.277 0.340 
22 0.455 0.480 
27 0.577 0.570 
34 0.688 0.660 
40 0.754 0.730 
46 0.807 0.775 
51 0.840 0.812 
57 0.870 0.846 
65 0.897 0.883 
71 0.919 0.905 
79 0.931 0.928 
85 0.954 0.941 
92 0.964 0.954 
100 0.974 0.965 
107 0.986 0.973 
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Table E4 Raw data of breakthrough experiment at H2S concentration 6.01 % v/v 
 
 
 
        time (min) CA/CA,in (measured) CA/CA,in (calculated) 
          0 0 0 
7 0.329 0.348 
15 0.654 0.598 
22 0.760 0.737 
29 0.823 0.827 
38 0.856 0.899 
46 0.868 0.930 
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Appendix F:  
Trial calculations using the unreacted shrinking core model and the grain 
model  
According to Eq. (2.1), the reaction rate for H2S is three times the Fe2O3 
consumption rate, which may be written as:  
)(
3
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XFCk
Ct
X n
A
B
=
∂
∂
                                                   (A.1)                                                                          
03
( )
nB
A
C X
k C
F X t
∂
=
∂
    (A.2)                
At the bed exit, the above expression can be changed as follows: 
03
( )
nB
A
C dX
k C
F X dt
=      (A.3) 
03ln ln ln
( )
B
A
C dX
k n C
F X dt
 
= + 
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 (A.4) 
Let 0
3
ln ln ln
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B
A
C dX
Y k n C
F X dt
 
= = + 
 
 (A.5) 
Using Eqs (2.66), (2.67), and (2.90), the data inAA CC ,/   at the outlet of the 
fixed bed at time t can be transferred to F(X) at time t. The apparent kinetic 
reaction rate constant and reaction order should be determined by fitting the data 
of conversion profiles to Eq. (A.4) using Excel.  
 If these models can correctly describe the adsorption reaction, Y  and ln AC  
would be in linear relationship. Take the data of breakthrough experiment at H2S 
concentration 1.00 % v/v (Table E2) for example, the unreacted shrinking core 
model were used to fit the data. The results are shown in Figure F.1. It is indicated  
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                                  Figure F1 Plot of Y versus lnCA 
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that this model can not describe the adsorption process.  In this thesis, therefore, 
regression analysis was used to fit the data of conversion profiles over software 
Labfit.  
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Appendix G:   
 
                    
 
 
Praxair Material Safety Data Sheet (MSDS) 
 
for hydrogen sulfide/inert gas mixture 
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